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Chapter 7
MMS-PRMS

by G.H. Leavesley, S. L. Markstrom, R.J. Viger, &nd. Hay
. INTRODUCTION

The Precipitation-Runoff Modeling System (PRMS) dlzesley et al., 1983;
Leavesley and Stannard, 1995) is a modular-desifigtyibuted-parameter,
physical-process watershed model that was develapedaluate the effects of
various combinations of precipitation, climate, alahd use on watershed
response. Response to normal and extreme rainfall snowmelt can be
simulated to evaluate changes in water-balanceiopta flow regimes, flood
peaks and volumes, soil-water relations, sedimeeldy, and ground-water
recharge.

PRMS was originally developed as a single FORTRAdDgmmM composed of
subroutines, each representing an individual paeshe hydrologic cycle. For
the processes related to temperature distributhmtar-radiation distribution,
evapotranspiration, and surface runoff, two or mmmputational methods were
included in the subroutines. A specific method selected at run time using the
model parameter file. This concept enabled theticneaand application of a
model that was most appropriate for a given apfiticaA long-term goal was to
expand the available process simulation capalsilatfe®PRMS over time.

While reasonable in concept and computationallicieffit, experience with
adding process components to the original codegatdkie modular-design and
user-modifiable features of that version to be thss adequate. As a result, the
architecture and modular structure of PRMS wereesgghed. The new design
formed the basis for the USGS Modular Modeling 8ystMMS) (Leavesley et
al., 1996), in which PRMS now resides. The basidrbipgic process
formulations in PRMS described by Leavesley andnigted (1995) were
maintained in the MMS version. However, the useMiIS has enabled the
addition of new process algorithms and the enharsoenf many of the features
and capabilities of PRMS.

The purpose of this paper is to provide an overvifWwWMMS-PRMS, its
modular components, model support and analysis bil#pss, and selected
applications. More detailed discussions regardidividual components can be
found in the module documentation and cited refegsrfor each component.

Il. MODULAR MODELING SYSEM (MM S)

A basic premise in the development of MMS, as WRIMS, is that there are
no universal models. The optimal model for a gie@plication is one in which
the process conceptualizations in the model are apygopriate for the problem
objectives, data constraints, and spatial and teahgoales of the application.

A central component of MMS is a master library tieahtains compatible
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modules for simulating a variety of water, energnd biogeochemical
processes. A model for a specified applicationéated by coupling appropriate
modules from the library. If existing modules cahpmvide appropriate process
algorithms, new modules can be developed and icatpd into the library.
This modular approach to model design and consbrugirovides the ability to
develop, select, integrate, and apply a set ofgg®enodules that best meet the
optimal model selection criteria.

MMS was developed to (1) support development, ngstand evaluation of
physical-process modules; (2) facilitate integnatid user-selected modules into
operational physical-process models; (3) facilitdte coupling of models for
application to complex, multidisciplinary problemand (4) provide a wide
range of analysis and support tools for researah @guerational applications.
MMS is a modular modeling framework that uses are®fource software
approach to enable all users to collaborativelyraskithe many complex issues
associated with the design, development, and ajit of hydrologic and
ecosystem models. While MMS was created based ewrdhceptual design of
PRMS , MMS is much more than simply an extensioPBMS. Other models
integrated into MMS include TOPMODEL(Beven et 4b95), the Sacramento
Model (), SNOW-17 (), and the Snowmelt Runoff Mo¢igRM) ().

MMS supports the integration of models and tools atariety of levels of
modular design. Design levels include individualgass models, tightly coupled
models, loosely coupled models, and fully integtadecision support systems.
A variety of geographic information system (GISptimization and sensitivity-
analysis, forecasting, visualization, and stattiools are provided to support
model development, application, and analysis. Tikegration and application of
these tools with PRMS are discussed in more dietdiie following sections of
this chapter.

1. PRMS

A. Space and Time Concepts

Distributed-parameter capabilities are provided gaytitioning a watershed
into units, using characteristics such as slopgects elevation, vegetation type,
soil type, and precipitation distribution. Eachitums assumed to be
homogeneous with respect to its hydrologic respamkto the characteristics
listed above; each unit is called a hydrologic oese unit (HRU). A water
balance and an energy balance are computed daiafth HRU. The sum of
the responses of all HRUs, weighted on a unit-d@sis, produces the daily
watershed response.

Watershed response can be simulated at both a atalya storm time scale.
In the daily mode, hydrologic components are $atedl as daily average or
total values. Streamflow is computed as a meary dlailv. In the storm mode,
selected hydrologic components are simulated at imervals that can range
from less than one to 60 minutes. The time stept eI£oNstant within a storm
but could be different for each storm. Continuifynsass is maintained as the
model moves from daily mode to storm mode and lacHaily mode. Storm
hydrographs and sediment yields for selected rain& can be simulated in
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storm mode. Sediment-modeling capabilities arevided only in the storm
mode.

For storm-mode computations, a watershed is conaéped as a series of
interconnected flow-plane and channel segmentsn HRU is considered the
equivalent of a single flow plane. The shape offtbe plane is assumed to be
rectangular, with the length of one side of rectarggual to the length of the
channel segment that receives runoff from the fid@ne. The flow-plane width
is computed by dividing the HRU area by the chasegiment length. All flow
planes are assumed to connect to a channel seg@asdading flow planes are
not currently supported, but a module to suppois ttapability is being
developed.

B. PRM S Process M odules

The process components simulated in PRMS are stsmliematically in
Figure 1. The processes shown are generic in names Figure 1 is a template
for model design and not a flow chart describingurdaque set of process
algorithms. In the MMS design, process selectiamis a component part of the
model building process. Each alternative computafiomethod for a given
process is a module that can be combined with gthecess and accounting
modules to build a unique model for a specific aapion.

Model building in MMS is accomplished using an matgive model builder
graphical user interface (GUI) termed Xmbuild. Xribduenables the user to
select and link modules to create a model. Modales designed so that the
output from one module is the input to other precemdules. Xmbuild enables
users to view inputs and outputs for each moduleé tansearch the module
library for all modules that provide the necessauts for a selected module.
Using this search and select procedure, a usenatkfnodel can be constructed.
Module inputs and outputs include a units attribbtg can be checked to insure
module compatibility. Plans include the developmehtan expert system to
assist users in module selection based on futigeareh to identify the most
appropriate modules for various combinations of b objectives, data
constraints, and spatial and temporal scales dfcapion.

A detailed description of the computational methadsl equations used in
PRMS was provided in Leavesley et al. (1983) andvksley and Stannard
(1995). This material has been rewritten and islushed in detailed
documentation for each PRMS module. This docuntientas provided with
the distribution of MMS-PRMS and is also availalole the MMS web site.
Module documentation includes the listing and d&din of all parameters and
variables used in the module, the equations usedthé computational
algorithms, and a text description of the modulecpss and function.

A major difference between the old and new docuatéont is that parameter
and variable names have been changed in the nesionelo make them more
descriptive of their function and use. The lendgtparameter and variable names
in the original version of PRMS was limited by tlawailable version of
FORTRAN 77 to six characters. In the new modulérithistion, current versions
of FORTRAN 77 enable the use of much longer names.
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Figure 1. Schematic diagram of the conceptual whe=t system and its inputs. (Modified from
Leavesley, et al., 1983)

Translation tables to go from names in the origitade to the names in the
new code and vice versa are available on the MMI$ site. New PRMS users
should start with the MMS-PRMS module documentatavoid confusion.

A summary description of PRMS process componenpsagided below. For
a detailed description of individual process modwdad the equations used, the
reader is referred to the PRMS module documentafibe modules associated
with each process component are highlighted in Katsc[].The modules for
PRMS daily mode are listed in Table 1.
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Table 1. PRMS Daily mode modules.
Process Module

Basin definition

basin_prms.f
Observed data

obs_prms.f
Temperature
distribution

temp_1st_prms.f
temp_2st_prms.f
xyz_dist.f

Precipitation
distribution
precip_prms.f

precip_laps_prms.f
xyz_dist.f

Solar radiation
computation
soltab_prms.f

Solar radiation
distribution
ccsolrad_prms.f

ddsolrad_prms.f

ddsolrad_xyz_prms.f
Potential evapo-
transpiration
potet_hamon_prms.f
potet_jh_prms.f
potet_epan_prms.f
potet_ep_not_prms.f

Interception
intcp_prms.f

Snow
snowcomp_prms.f

Surface runoff
srunoff_carea_prms.f

srunoff_smidx_prms.f

Boca Raton, FL, CRC

Description

Basin and hru features

Read observed data

Use one climate station and a hhont
lapse rate for each HRU

Use two climate stations to comulatily
lapse rate for each HRU
Uses latitude, longitude, and elevatain
climate stations and HRUs

Use one climate station and a uséned
correction factor for each HRU

Use two climate stations to pota
correction factor for each HRU

Uses latitude, longitude, and elevatain
climate stations and HRUs

Compute potential solar radiation on
horizontal surface and each HRU slope-
aspect combination

Estimate actual solar radiation each
HRU using daily air temperature range
(max-min)

Estimate actual solar radiation earcth
HRU using daily maximum air
temperature

ddsolrad version for use with _dist.f

Compute Hamon PET

Compute Jensen-Haise PET

Compute pan evaporation PET

Compute pan evaporation PEd am
temperature data available

Compute net precipitation and
interception storage and loss

Compute snowpack accumulation and
melt

Compute surface runoff usiligear
contributing area method

Compute surface runoff usiman-linear
contributing area method
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Table 1 continued. PRMS daily mode modules.

Process Module Description
Soil zone
smbal_prms.f Soil zone accounting and AET
computation
Subsurface
Ssflow_prms.f Subsurface reservoir and flow
Ground water
Gwflow_prms.f Ground water reservoir and flow
Streamflow
(flow and

reservoirs)
Strmflow_prms.f
Summary
Basin_sum_prms.f Basin summary computations
Hru_sum_prms.f HRU summary computations

1. PRMS Daily-Mode

Climate Components. Daily-mode model inputs are daily precipitation,
maximum and minimum air temperature, and solarataah [obs prms.f]l. The
energy inputs of air temperature and solar radia¢ice used in the computation
of evaporation, transpiration, sublimation, andvemelt. These point data are
extrapolated to each HRU using a set of adjustrmeefficients developed from
regional climate data. The coefficients typicalhclude the effects of HRU
elevation, slope, aspect, and distance to one ore nmeasurement sites.
Measured maximum and minimum daily air-temperatiata are adjusted using
monthly femp_1st prms.f] or daily [temp_2st prmsf ] lapse rates and the
elevation difference between a climate stationeach HRU.

Precipitation amount on each HRU is computed by tipiying point
measurements by a monthly correction factor. Theection factor attempts to
account for a number of sources of measuremenahitity and error including
the effects of elevation, spatial variation, toggaity, gage location, deficiencies
in gage catch due to the effects of wind, and ofhetors. One distribution
method enables the user to identify the precipitajauge most representative
of an HRU and to specify the monthly correctiontéado be used to compute
HRU precipitation amountpfecip_prms.f]. A second method is similar in that
the gauge most representative of an HRU is selettedever, a second gauge
is also selected for use in computing the montblyertion factor as a function
of the ratio of the mean monthly precipitation atle station and their difference
in elevation precip_plaps prms.f].

A third method uses a multiple linear regressiol.iyl approach to distribute
daily measured precipitation data from a grouptafigns to each HRU based on
the longitude (x), latitude (y), and elevation (f)the measurement stations and
the HRUs (Hay et al., 2000; Hay and Clark, 2008k [dist.f]. To account for
seasonal climate variations, the MLR equation igettsed for each month
using a set of independent variables of x, y, afxlyz) from a user-selected set
of climate stations within and outside a basin.
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The monthly MLR equations describe the spatialti@ta between monthly
precipitation and the independent xyz variables.estimate the daily value of
precipitation for each HRU, a mean daily value i&qipitation for all, or a user-
defined subset, of the climate stations, and th@responding mean x, y, and z
for this set of stations, is used with the “slopé'the monthly MLR equation to
estimate a unique y-intercept)for that day. Using thisghvalue and the x, vy,
and z values for each HRU, the MLR equation is tlhmed to compute
precipitation on each HRU. A monthly adjustmenttda for rainfall and for
show can can also be user-specified to modify teanrdaily value to account
for the sources of measuement error list above.

When the xyz procedure is selected for precipitatibstribution,it is also
used to compute maximum and minimum air temperatureeach HRU. The
climate station set selected for temperature coatjmurt, however, may be
different than the climate station set selectecpfecipitation distribution.

Precipitation form (rain, snow, or mixture of both) each HRU is estimated
from the HRU maximum and minimum daily air temparas and their relation
to a base temperature (Willen et al., 1971). Theebtemperature is the
temperature at or below which snow is assumed ¢aroc

Measured shortwave radiation, on a horizontal serfés adjusted to estimate
daily shortwave radiation received on the slopesaspombination of each HRU
using a method described by Swift (1976). Missihgrtwave radiation data are
estimated using one of two methods. The firstrisodification of the degree-day
method described by Leaf and Brink (197@&ydolrad_prms.fl. This method
was developed for a section of the Rocky Mountagian of the United States.
It is most applicable to this region where predamntty clear skies prevail on
days without precipitation. The second proceduresus relation between sky
cover and daily range in air temperature demoredray Tangborn (1979) and a
relation between solar radiation and sky cover tbgexl by Thompson (1976)
[ccsolrad prmsf]. This procedure is applicable to more humid oegi where
extensive periods of cloud cover occur with andhaitt precipitation.

Land-phase Components. Interception is computed as a function of
vegetation cover density and the storage availablthe predominant vegetation
type of an HRU iptcp_prms.f]. Vegetation types are defined as bare, grass,
shrubs, and trees. Variations in cover density bgsen, and variations in
interception storage by vegetation type and seaserctonsidered. Precipitation
amount is decreased by interception and becomepreaeipitation delivered to
the watershed surface. Intercepted rain is assumtosecevaporate at a
free-water-surface rate. Intercepted snow is asdumsublimate at a rate that is
expressed as a user-defined percentage of potemtipbtranspiration.

Net precipitation reaches the snowpack or soilasgrfwhere it accumulates in
the snowpack or is available for surface runoff amfiltration. Daily surface
runoff from rainfall on pervious, snow-free HRU's icomputed using a
contributing-area concept (Dickinson and Whitel#970; Hewlett and Nutter,
1970). Net precipitation not becoming surface fidiltrates the soil surface.
The percent of an HRU contributing to surface rfimaih be computed as either
a linear prunoff_carea_prms.f] or a nonlinear grunoff_smidx_prms.f] function
of antecedent soil moisture and rainfall amount.
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Surface runoff from snowmelt is computed only odadly basis. Snowmelt
runoff from pervious areas is assumed to occur evilgn the soil zone of an
HRU reaches field capacity. At field capacity, seudefined, daily maximum
infiltration rate is assumed. Any daily snowmait éxcess of this maximum
infiltration rate is assumed to become surface ffund-or impervious areas,
snowmelt first satisfies available retention steragnd the remaining snowmelt
becomes surface runoff.

The soil and subsurface components of a watergfsens are conceptualized
as a series of reservoirs, the responses of wtoafibine to produce the total
watershed response. The soil-zone reservoir reptesthat part of the soil
mantle that can lose water through the processesew#poration and
transpiration. Average rooting depth of the pred@mt vegetation covering the
soil surface defines the depth of this zone. Thaximum available
water-holding capacity of the soil-zone reserveithe difference between field
capacity and wilting point of the profile.

The soil-zone reservoir is treated as a two-layssesiem. The upper zone is
termed the recharge zone and the remaining prdfilethe lower zone.
Evaporative losses from the recharge zone occum frevaporation and
transpiration; losses from the lower zone are assuto occur only through
transpiration. Water storage in the soil-zone nasietis increased by infiltration
of rainfall and snowmelt and is decreased by evapgpiration §mbal_prms.f].

A choice of three procedures are available to cdmppotential
evapotranspiration (PET). One procedure uses gailyevaporation data and a
monthly pan-adjustment coefficienpdtet_epan_prms.f; potet_ep not prmsf].

A second procedure uses the Hamon method to confjfitifeas a function of
daily mean air temperature and possible hours ofskine (Hamon, 1961)
[potet_hamon_prmsf]. The third procedure is a modified Jensen-Haise
technique (Jensen et al., 1969) that computes R @ir temperature, solar
radiation, and two coefficients that can be estidatusing regional
air-temperature, elevation,  vapor-pressure, and etaign data
[potet_jh_prmsA].

Actual evapotranspiration (AET) is computed asracfion of soil type, water
currently available in the soil-zone reservoir, ahe storage capacity of the
soil-zone reservoir using an approach developed ZXghner (1967)
[smbal_prms.fl. When available water is nonlimiting, AET equB®ET. PET is
first satisfied from interception storage, retentgiorage on impervious surfaces,
and evaporation/sublimation from snow surfaces.m&ring PET demand is
then applied to the soil-zone storage. AET is cateqp separately for the
recharge zone and the lower zone using the ufisdtiBET demand and the
ratio of currently available water in the soil zote its maximum available
water-holding capacity. AET computed for the regeazone is used first to
satisfy PET; any remaining demand is attemptecdetonbt from the lower zone.
Relations between AET and available soil moisture defined for three soil
types; sand, loam, and clay.

The active transpiration period is user-defined ebypeginning and ending
month. The specific date of the start of trangirais computed for each HRU
using a threshold accumulated degree-day appro@bke. sum of the maximum
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daily air temperatures is accumulated for each H&HIiting on the first day of
the month transpiration is assumed to begin. Whénsum exceeds a user-
defined threshold value, transpiration is assuneeddgin. Transpiration is
assumed to end on the first day of the month sigelcéfs the month transpiration
ends.

Infiltration to the HRU soil zone must fill the fe@arge zone before water will
move to the lower zone. When the soil-zone resereaches maximum storage
capacity, additional infiltration is routed to tleibsurface and ground-water
reservoirs. The apportioning of soil water in ess®f the maximum storage
capacity to the subsurface and ground-water regeri® done using a user-
defined daily ground-water recharge ragejal_prms.f]. Daily ground-water
reservoir inflow may be equal to or less than #eharge rate, depending on the
magnitude of soil-water excess. When soil-wateceeg is larger than the
recharge rate, the difference becomes subsurfaegevar inflow.

The subsurface reservoir simulates the relativaid component of flow that
may occur in the saturated-unsaturated and growtdrwones during periods of
rainfall and snowmeltssflow_prms.f]. The subsurface reservoir can be defined
as being linear or nonlinear.

The ground-water reservoir simulates the slowerpament of flow from the
ground-water zonegivflow prmsf]. It is conceptualized as a linear reservoir
and is assumed to be the source of all baseflonilow to the ground-water
reservoir can be from both soil-water excessbal_prms.f] and one or more
subsurface reservoirs. The vertical movement ofewdtom a subsurface
reservoir to a ground-water reservoir is computsdaafunction of the current
volume of storage in subsurface reservoir and aalinrouting coefficient
[ssflow_prms.fl. The movement of water through the ground-wagservoir to
points outside the surface drainage boundary &edeusing a ground-water sink
which is computed as a function of storage in theugd-water reservoir and a
linear routing coefficient.

The shape of the baseflow recession of the sindilagerograph will be
affected by the relative proportion of ground-watecharge from the two source
terms. Recharge from the soil zone occurs onlydays when the maximum
storage capacity of the soil zone reservoir is edee while recharge from the
subsurface reservoir occurs every day that watewvéalable in the subsurface
reservoir.

Snow Components. The snow components simulate the initiation,

accumulation, and depletion of a snowpack on eagk fsnowcomp_prms.f].
A snowpack is maintained and modified on both aewatjuivalent basis and as
a dynamic-heat reservoir. A snowpack water balasa@mmputed daily and an
energy balance is computed twice each day for 12-periods (designated day
and night). The energy-balance computations am@bmation of equations and
functional relationships taken or derived from gaveources. The conceptual
model for the snowpack system and its energy oelatiis one described by
Obled and Rosse (1977). The conceptual snowpadirnsyend the components
of the snowpack energy balance are shown in Figure

Shortwave net radiation for the snow surface is mated as a function of
slope and aspect of the HRU, the albedo of the ssavface, and the
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transmission coefficient for the vegetation canapgr the snowpack. Surface
albedo is computed as a function of the numberagEdsince the last snowfall
and whether the snowpack is in an accumulation oreli phase (U.S. Army,
1956). The transmission coefficient is computed &mction of the winter cover
density of the vegetation canopy over the snowpadgke relations between
cover density and the transmission coefficient weeeeloped from relations
presented by Miller (1959) and Vézina and Péch4).96

Longwave net radiation is computed using the St8fallizmann law. The
computation considers the longwave exchange bettiweair and the snowpack
and the exchange between the vegetation canopsharghowpack. Emissivity
of the air is a function of the moisture contenttioé air and ranges between
0.757 and 1.0 (U.S. Army, 1956). In the absendeuafidity data, air emissivity
is assumed to be 1.0 for days with precipitatiod amuser-defined parameter for
days without precipitation.

The full equation for computing latent and sensitéat flux includes terms
for temperature, vapor pressure, wind speed, affidstliities of heat and vapor
(U.S. Army, 1956). However, wind and vapor pressar humidity data are
generally not available. Therefore, computationthed the latent and sensible
heat terms is simplified to be a only a functionterhperature and is computed
only on days with precipitation. The computed valkieeduced by one-half for
HRUs with a cover-type of trees.

The snowpack is assumed to be a two-layered syst&éhe surface layer
consists of the upper 3-5 centimeters of the snolypand the bottom layer is
the remaining snowpack. Heat transfer between silidace layer and the
snowpack occurs by conduction when the temperatiitiee surface layer (Ts) is
less than OC. The conduction of heat between the surface ha@dnowpack is
computed as a function of snowpack density, dffe¢hermal conductivity, and
the thermal gradient between the layers. Effectikermal conductivityis
computed as a function of snowpack density (Anderd®68) and snowpack
density is computed daily using a procedure dewopy Riley et al. (1973).
Conduction of heat from the soil surface to thevgmack is assumed to be
negligible compared to the energy exchange atithenaw interface.

When Ts equals IC, heat transfer occurs as conduction when themetgy
balance at the air-snow interface is negative; Hmat transfer occurs as mass
transfer by surface melting when the net energyarxd is positive. Heat
transfer from precipitation also occurs as a meamssfer process. When
snowmelt or rain-on-snow occur, the temperatur¢hef snowpack controls the
distribution of the melt.

If the snowpack temperature is less thatCQthe melt water is refrozen and
decreases the cold content of the snowpack. Whenshowpack becomes
isothermal at 0°C, snowmelt is first used to satisfy the freewaleiding
capacity of the snowpack. Any remaining melt leathe bottom of the
snowpack to become infiltration or surface runoff¥hen melt reduces the
snowpack water equivalent below a user-definedstiolkl, the snowcovered
area of an HRU is decreased using the areal-depietirve approach developed
by Anderson (1973). Up to 10 different delpetiames may be user-defined.

Evaporation and sublimation from the snow surfaeesssumed to occur only
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when there is no transpiration from vegetation @&the snowpack. Loss from
the snow surface is computed as a percentage afaihePET value. The daily
percentage is a user-defined parameter.

Channel Reservoir Components. There is no explicit routing of channel flow
in PRMS daily mode. However, channel reservoir congmts can be used to
simulate the storage and routing response of chanreservoirs
[strmflow_prms.fl. Reservoir inflows are computed as the sum efdineamflow
contributions from all HRU’s and the parts of sulface and ground-water
reservoirs above the channel reservoir. Reseinfiow also can include the
outflow of up to three upstream channel reservoirfwo types of routing
procedures are available for simulating reservaiflow. Both are based on the
equation of continuity. One is a linear-storagetimy procedure in which
outflow is computed as a linear function of storagehe second is a
modified-Puls routing procedure (U.S. Soil ConséoraService, 1971).

2. PRMS Storm Mode

A watershed is configured into flow-plane and chansegments for
storm-mode computations. An HRU is considered rglsi flow plane. The
watershed drainage network is characterized assi@rmyof channel, reservoir,
and junction segments that jointly describe théndige pattern. Each channel
segment can receive upstream inflow from as manyhese other channel
segments. In addition, each channel segment caiveelateral inflow from as
many as two flow planes (left bank and right barnk)e PRMS modules for
storm mode are listed in Table 2.

Table 2.Storm mode process modules.

Process Module Description
Infiltration

grnampt_infil_prms.f Green-Ampt infiltration
Flow-plane

routing  (flow
and sediment)

krout_ofpl_prms.f Kinematic overland-flow routing
Channel
routing (flow,
reservoirs,
sediment)

krout_chan_prms.f Kinematic channel-flow routing
Streamflow

strmflow_st_prms.f Streamflow summation
Summary

basin_sum_st_prms.f Basin summary computations

Surface Runoff. Storm precipitation is reduced by interception assulting net
precipitation is available for infiltration. On péous areas, infiltration is
computed using a variation of the Green and Amplaggn (Green and Ampt,
1911) prnampt_infil_prms.fl. Point infiltration is converted to net infilttian



Leavesley, G H , Markstrom S.L., Viger, R J., and
Hay, L.E., 2005, USGS Mbdul ar Mdel i hg System
(MVB) - Precipitation-Runoff Mdeling System
(PRVMS) MMB-PRMS, in Singh, V., and Frevert, D.,
eds., Watershed Mbddel s: Boca Raton, FL, CRC
Press, p. 159-177.

over a flow plane using a procedure first preserigdCrawford and Linsley
(1966) which assumes that net infiltration at aegitime step varies linearly as a
function of the infiltration capacity and rainfadite.

Rainfall excess (net precipitation less net irdiiion) is then routed as surface
runoff over the flow planes into the channel segim@ising the kinematic-wave
approximation to overland flow developed by Lecleand Schaake (1973)
[krout_ofpl_prmsAf].

Channel Flow. Channel flow is routed through the watershed ckhsystem
using the kinematic-wave approximation for chanft@l described by Dawdy
et al. (1978) krout_chan_prms.fl. Routing through channel reservoirs can be
computed using the same linear routing scheme odiffed-Puls routing
procedure available for the daily mode.

Sediment. Sediment detachment and transport from flow plasesmputed
using a rill-interrill concept approach presenteg Hjelmfelt et al. (1975)
[krout_ofpl_prms.f]. Rainfall detachment is computed as a nonlinaaction of
rainfall rate and the mean depth of flow on thenplausing a relationship
described by Smith (1976). Overland flow detachimsrassumed to occur in
the rills and is computed as a linear functionhef tlifference between sediment
transport capacity at the current flow depth arg ¢hrrent sediment transport
rate using a relationship described by Hjelmfekle(1975). Sediment delivered
from a flow plane is currently transported as assowative substance in the
channel system; detachment and deposition arenchtdied. Reports focusing
on the sediment components of PRMS were presentedChrey and Simon
(1984), Reed (1986), and Rankl (1987).

IV. MMS Analysisand Support Tools
A. Water shed Delineation and Parameter Estimation

The delineation, characterization, and parametioizaof a basin and its
associated HRUs can now be accomplished using gglbigrinformation system
(GIS) technology. The GIS Weasel is a interfaceafoplying tools to delineate,
characterize, and parameterize topographical, hydizal, and biological basin
features for use in a variety of lumped- and disttéd-modeling approaches. It
is composed of Arcinfo (ESRI, 1992) GIS softwarela@Gguage programs, and
shell scripts.

HRUs can be delineated within a watershed to reftexvariation in spatially
distributed attributes, such as elevation, slogpgeat, soils, and vegetation. The
GIS Weasel also delineates a drainage network amgbates the connectivity of
HRUs with this drainage network. The location ofadeollection sites can also
be overlaid with the HRU map to define associatibesveen HRUs and the
data sites.

Parameter estimation methods are implemented USRI macro language
(AML) functions. Keeping with the modular concept,library of parameter
estimation methods is maintained in a similar fashio the library of process
modules. For a given model, a recipe file of AMInétions can be created and
executed to estimate a selected set of spatiaiedeas. This recipe file can also
be modified to change the parameter estimation ooethssociated with a
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selected parameter, thus enabling the evaluationalt#frnative parameter
estimation methods. Currently, methods to estimatected spatially distributed
model parameters have been developed for the USf(@8ipjiation-runoff
modelling system (PRMS) (Leavesley et al., 1983auesley and Stannard,
1995) and TOPMODEL (Beven et al., 1995).

Digital databases used for parameter estimatiothén USA include: (1)
USGS digital elevation models; (2) State Soils Gaphic (STATSGO) 1 km
gridded soils data (US Department of Agricultur894); and (3) Forest Service
1 km gridded vegetation type and density data (lépdbtment of Agriculture,
1992). Spatially distributed parameters estimatsidgithese databases include
elevation, slope, aspect, topographic index, sgiet available water-holding
capacity of the soil, vegetation type, vegetatiower density, solar radiation
transmission coefficient, interception-storage citya stream topology, and
stream reach slope and length.

B. Optimization and Sensitivity Analysis

Optimization and sensitivity analysis tools are yided to analyse model
parameters and evaluate the extent to which unogrtan model parameters
affects uncertainty in simulation results. Two ap#ation procedures are
available to fit user-selected parameters. Onehe&s Rosenbrock technique
(Rosenbrock, 1960), as it is implemented in the BRWhe second is a hyper-
tunnel method (Restrepo and Bras, 1982). The Shu@ibmplex Evolution
Optimization algorithm (Duan et al., 1993) and Malti-Objective COMplex
Evolution algorithm (Yapo et al., 1998), which iapable of solving multi-
objective optimization problems, are currently loeincorporated into the MMS
tool set.

Two methods of sensitivity analysis are currentigiable. One is the method
developed for use with the PRMS, which allows tkalgation of up to ten
parameters at one time. The second method evaltretesensitivity of any pair
of parameters and develops the objective functiofase for a selected range of
these two parameters. To address the question raimgder and predictions
uncertainty, the generalized likelihood uncertaiesgimation (GLUE) procedure
(Beven and Binley, 1992; Beven, 2001) is being dddehe MMS tool set.

Spatially distributed parameters have an initidlgaassigned to each HRU,
subsurface reservoir, or ground-water reservoir. emporally distributed
parameters have an initial value assigned for ¢iaoh increment. One or any
combination of parameters can be selected for axdition. For each iteration
of a distributed parameter, all values of the pat@mare moved in the same
direction at the same time. The amount that eatlrevis moved can be selected
as the same magnitude or as the same percentdhe iwifitial value. A major
assumption in this fitting procedure is that thi#iah estimates of the values of a
given distributed parameter are correct with redartheir relative differences in
space or time.

An option in the fitting procedure allows the usemadjust different subsets of
a distributed parameter independently. A specalecof this option is that a
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distributed parameter may be adjuqted independentigll HRU's.

Sensitivity-analysis components allow the user &tednine the extent to
which uncertainty in the parameters results in wadaty in the predicted runoff.
When sensitivity analysis is coupled with optimiaaf the user also can assess
the magnitude of parameter standard errors andnpses intercorrelations.
Discussions of sensitivity analysis and its intetption are presented by Mein
and Brown (1978) and Beck and Arnold (1977).

Forecasting tools
Ensemble Streamflow Prediction (ESP)

The ESP procedure (Day, 1985) uses historic orhggited meteorologic
data as an analogue for the future. These timesare used as model input to
simulate future streamflow. The initial hydrologionditions of a watershed, for
the start of a forecast period, are assumed thdmetsimulated by the model for
that point in time. Typically, multiple hydrograplse simulated from this point
in time forward, one for each year of availabletdiie data. For each simulated
hydrograph, the model is re-initialized using thatevshed conditions at the
starting point of the forecast period. The foregastiod can vary from a few
days to an entire water year. A frequency anaigsisen performed on the peaks
and/or volumes of the simulated hydrograph traoesvaluate their probabilities
of exceedance. The ESP procedure uses historicéonodogical data to
represent future meteorological data. Alternativesumnptions about future
meteorological conditions can be made with the usfe synthesized
meteorological data.

A few options are available in applying the fregexeanalysis. One assumes
that all years in the historic database have arelfqglikely probability of
occurrence. This give equal weight to all yearsargeassociated with El Nino,
La Nina, ENSO neutral, Pacific Decadal Oscillat{®DO) less than -0.5, PDO
greater than 0.5, and PDO neutral have also beentifiéd in the ESP
procedure, and the years in these groups can bected separately for analysis.
Alternative schemes for weighting user-defined @#si based on user
assumptions oa priori information, are also being investigated.

Statistical downscaling.

Procedures to downscale atmospheric model outatistitally for use as
input to watershed models have been developed andled with the MMS
(Wilby et al., 1999). These methods use a regredsiced statistical
downscaling model to simulate point values of dafyecipitation and
temperature from atmospheric-model output of gddls synoptic measures.
The point estimates of climate variables are thmatiglly distributed across a
basin using lapse rates and topographic information

Climate generator

14
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SYSTEM APPLICATIONS

Linking with other models

MMS provides a common framework in which to focusltidisciplinary
research and operational efforts to provide impdouaderstanding of complex
water, energy, and biogeochemical processes. h@ltbmponents of PRMS and
ESP described above have been incorporated in MiMiStlke MMS modular
library. Additional modules from a variety of othkydrologic and ecosystem
models are currently being developed for incorgorainto the modular library.

SYSTEM APPLICATIONS

The modeling system as discussed above has bediedapp a variety of
climatic and physiographic regions. Reports onasnelt-runoff applications of
PRMS include Leavesley and Striffler (1979), Ledegset al. (1981),
Brendecke and Sweeten (1985), and WMO (1986). wpawison of PRMS
with the Streamflow Synthesis and Reservoir Regia(SSARR) model was
presented by Brendecke et al. (1985). A frozehadgorithm was developed for
PRMS by Emerson (1991) to simulate this cold-regimtess

PRMS was used in a number of studies to investigia¢ effects of
surface coal mining on basin hydrologic responsA. summary of these
applications on approximately 50 basins in seleotgibns of the United States
was presented by Stannard and Kuhn (1989). Marenteapplications of
PRMS have been to address the potential effectdimfite change on basin
hydrologic response. Climate change related ifyatsbns in Colorado using
PRMS coupled with selected atmospheric models weperted by Leavesley
et al. (1992) and Hay et al. (1993). Applicatafrselected storm-mode
components, including sediment detachment and goasto tephra deposits
from the eruption of Mount St. Helens, Washingtamere reported by
Leavesley et al. (1989). Other reports focusinghensediment components of
PRMS were presented by Carey and Simon (1984)d RE®86), and Rankl
(1987).

Model parameter estimation and evaluation teclesqinave been
examined by several authors. Parameter estimatidrcalibration studies were
reported for Colorado (Norris and Parker, 1985) dod Montana and
Wyoming (Cary, 1991). The transferability of paeters to noncalibrated
bains was examined by Kuhn and Parker (1992). wieweand application of
the parameter optimization and sensitivity analggimponents was presented
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by Troutman (1985). Error analysis methodology vedso examined by
Rivera-Santos (1990).

A number of approaches have been developed td@GlSetools in the
delineation of HRUs for PRMS applications. Leaggsland Stannard
(1990a,b) presented a polygon HRU approach whil#aBkn et al. (1993)
presented a gridded HRU approach. Leavesley aadn&td (1990a) also
coupled remotely sensed snowcovered-area datathétiG|S tools to provide
the ability to compare measured and simulated soeered area on selected
dates. Flugel and Lullwitz (1993) developed Gl®gedures to compare
modeling of micro- and mesoscale catchments in Wmted States and
Germany.

THE NEXT GENERATION OF PRMS

One of the objectives in the development of PRMS t@aprovide a modular
modeling system that could be used to address iatyasf interdisciplinary
environmental and water-resource problems. Theutaodtoncept enables the
testing and development of a variety of modelingorapches that can
incorporate knowledge from a broad range of sdientisciplines. Assessment
of the initial PRMS modular structure identifiednamber of deficiencies for
meeting these goals, so a new, more flexible, naydsystem was developed to
provide a framework in which PRMS, and any othedei®r model component,
can be incorporated.

The new system is called the Modular Modeling Syst®IMS) (Leavesley et
al.,, 1992). MMS is an integrated system of Unisdxh computer software that
has been developed to provide the research andtop@l framework needed to
support development, testing, and evaluation ofjlay-process algorithms and
to facilitate integration of user-selected setsatdorithms into operational
physical-process models. MMS uses a master lilbtfzay contains compatible
modules for simulating a variety of water, energnd biogeochemical
processes. A model is created by selectively cogpthe most appropriate
process algorithms from the library to create aptifoal” model for the desired
application. Where existing algorithms are not appiate, new algorithms can
be developed and incorporated in the library.

A geographic information system (GIS) interface heeen developed for
MMS to facilitate model development, applicationdaanalysis. This interface
permits application of a variety of GIS tools toachcterize the topographic,
hydrologic, and biologic features of a physicaltegs for use in a variety of
lumped- and distributed-parameter modeling appreschMMS display
capabilities permit visualization of the spatiastdbution of model parameters
and of the spatial and temporal variation of sitedastate variables during a
model run.
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